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Introduction
The possible mechanisms, by which traumatic brain injury (TBI) occurs during blast events, remain unclear. Blast-induced TBI is thought to be a direct consequence of the fast-moving pressure transient from the initial blast wave, and has been recognized as the signature wound in recent military conflicts (1) . Current research has focused on blast-induced injury; however, the research has been primarily limited to animal and in vitro surrogates. Although this provides useful information on potential mechanisms, it may not be fully representative of the mechanical loading and response within the human brain. A second challenge in current blast TBI (bTBI) research is the limited understanding of the complex systemic response of multiple neurodegenerative molecular pathways (2) .
A recent study of military personnel exposed to primary blast-related and "mild" TBI, but no other known insult, showed abnormalities in diffusion tensor magnetic resonance imaging (MRI) consistent with cerebellar white matter injury (3). The multifocal pathological finding of white matter disruption can be indicative of Diffuse Axonal Injury (DAI). The primary mechanism of axonal injury is deformation of brain tissue, which induces misalignment in the cytoskeletal network or changes to the axolemma permeability-inducing a cascade of subcellular eventsultimately leading to severance of the axon (4).
The structural organization of white matter in the brain can be captured in great detail with advanced diffusion magnetic resonance (MR) imaging schemes (5) . The objective of this effort is to use a three-dimensional (3-D) finite element model (FEM) informed by Diffusion Tensor Imaging (DTI), to calculate strains in the direction of white matter fiber bundles, and then predict the amount of DAI that results from rotational head movement during a blast event.
In contrast to recent papers, which use FEM to predict changes to intracranial pressure during blast-loading (6, 7, 8) , we will examine the brain's axonal strain from blast-loading, since it is known that DAI is prevalent in nonimpact coronal rotation (9).
Methods
Creation of the Finite Element Model
Wright and Ramesh (10, 11) have shown that the degree of predicted DAI in a computational model is highly dependent on the incorporation of axonal direction in the anisotropy of the constitutive model. The 3-D finite element human head model was constructed from MRI data (12, 13) . The previously developed human head model was then attached to the geometry of a male body (open3dproject.org), and scaled so that the total height was 1.8 meters (m).
White matter fibers in the brain, which consist of axon bundles, are reconstructed from DTI data. An algorithm was previously developed by ARL to import diffusion-weighted imaging data (in this case, DTI data) into the volume elements, so that each element of the cerebral white matter is assigned an average vector representation of the orientation of white matter fibers that exist in that element (14) . Simulations were performed with a Lagrangian, 3-D explicit, transient dynamics code and a nodal-based tetrahedral formulation to prevent the volumetric locking and stiffness associated with regular tetrahedral elements (15) . The final FEM (figure 1) had 874,788 nodal-based tetrahedral elements, including 358,948 elements in the cerebrum and cerebellum. Simulations ran on 128 processors for approximately 68 h. Neither tangential sliding, nor normal separations were allowed at any of the interfaces between tissues. The detailed geometry of the surface of the gray matter was included, since the presence of sulci alters the strain and strain distribution in the model (16).
Constitutive Models and Material Properties
Local brain motion is also highly sensitive to the shear properties of brain tissue (17) . Recent studies have shown that previously accepted shear moduli of brain tissue were too large (17, 18) . One advantage of incorporating the anisotropy of white matter is to account for axonal fiber bundles, reported to be up to three times stiffer than the surrounding matrix (19) . A more detailed description of the transversely isotropic hyperlastic model, and the additional parameter C 3 , which describes an exponential behavior in the fiber direction is available in Kraft et al. (14) . The gray matter of the brain was treated as an isotropic material.
The material properties and constitutive models used are shown in table 1. Table 1 . FE model material properties. The transversely isotropic hyperelastic model also enabled the calculation of axonal strain. The axonal strain is defined as the engineering strain resolved in the direction of the original average fiber bundle direction that traverses the volume element (20) . Axonal strain is calculated within the Sierra framework using the method outlined below.
Material Model Material Properties
The deformation gradient is given by:
The extension ratio, λ, is calculated as:
where a is the unit vector in the direction of axonal orientation. Since the extension ratio is the new length divided by the original length, the strain is given by:
Applied Loading Conditions
The applied blast pressure was performed using the Presto Blast Function in the Sierra Solid Mechanics suite of codes (Sandia National Laboratories). The input parameters use Sach's scaling to match the empirical data from ConWep 2.1.0.8, which provides the incident and reflected pressures. The angle of incidence is accounted for by the following relationship (21):
where  is the angle between the direction to the blast and the face-normal-vector, P total is the total pressure, P ref is the reflected pressure at normal incidence, and P inc is the incident pressure. Two simulations were performed: one where the head was allowed to rotate with the neck, and one with a free-boundary condition. For the applied pressure loading in both simulations, an equivalent of 5 lbs of TNT was detonated 3 m in front of the body at a midthoracic height. Effects of reflections from the ground or interfering objects are not captured in this Lagrangian simulation. This resulted in a frontal peak incident pressure of 210 kPa and a positive duration of 2.8 milliseconds (ms) (figure 2), which is survivable with ballistic protective body armor according to previously developed blast injury risk functions, and is also sufficiently below the 50% survivability limit for lethal head injury (22) .
A fixed boundary condition was applied to the entirety of the body below the T1 vertebra, so that the head and neck were free to rotate, since mechanical loading to the torso is not within the scope of this analysis. A full homogenous body mass with skin-like material properties was included below the head-neck structures to simulate an accurate mitigation of the shock wave propagation into the brain, which may be relevant since the detonation point of the blast is located at an angle below the head. 
Validation Efforts of the Model Against Impact and Acceleration Experiments
The pressure response of the model was compared to the cadaveric experimental data of Nahum et al. (23) , where impacts to the forehead by a cylindrical padded impactor were performed. Bradshaw and Morfey (24) showed that it is insufficient to validate FE models for pressure since pressure validation alone does not account for accuracy in strain. Therefore, cadaveric tests showing local brain motions using an x-ray system and neutral density targets (NDTs) were used to validate the magnitude of peak brain displacements (25) . A more detailed account of these validation efforts is described in the supplementary section of Kraft et al. (13) .
Results
Intracranial Pressure
The highest pressures existed in the frontal regions of the brain, while the pressures decreased along the sagittal plane in the posterior direction. The intracranial pressure results were dependent on the material properties assigned to the skin (figure 3), which vary largely in the literature. Previous validation studies with the model were done using a homogeneous skin/muscle/fat description (17) . When using these material properties (17), the intracranial pressures exceeded the pressures measured at the surface of the forehead skin. When the material properties were altered to reflect (26), the intracranial pressure at the frontal lobe was approximately 60% less than the total pressure at the surface of the skin. Future efforts will focus on validation of the pressure response in a blast event, and utilize region-specific material properties for skin, muscle, and fat. In both simulations with different skin material properties, the pressure impulse from the blast wave ends within a few milliseconds after reaching the head, before any noticeable rotation of the head begins (figure 4).
Axonal Strain
The skull rotation angle was calculated from the axis created from the foramen magnum to the top of the cranial bone. The skull was assumed to be rigid in this calculation, since the maximum principal strains within the cranial bone were on the order of approximately ×10 -4 . A maximum cranial rotation angle of 5° was seen at 20 ms (approximately 17 ms after the arrival of the shock front). The rotation would increase in cases where the peak incident pressure and reflected pressure were larger; however, survivability at these levels becomes more uncertain, therefore axonal strains of a lower blast exposure (210-kPa incident pressure) were examined.
The largest axonal strains exceeded 0.17 (figure 5), and increased at the center of the brain throughout the progression of the simulation. Elements around the surface of the brain and near the ventricles also exhibited a large amount of axonal strain at later times. Axonal strain is not seen in the cerebellum because the original fiber tractography imaging did not include fiber directions for this region; therefore, this analysis can draw no conclusions regarding axonal strain in the cerebellum white matter. 
Deviatoric Stress
The equivalent stress, which is a representative scalar derived from the deviatoric component of the stress tensor, is defined below:
The equivalent stress is smaller in the beginning of the simulation, and gets larger towards the center of the brain at later times ( figure 6 ). This is consistent with previous impact-loading scenarios showing spherically converging shear stress waves (27) . The equivalent stress is smaller in the beginning of the simulation, and become largest around 15 ms after the arrival of the blast wave. Since the bulk modulus of brain tissue is orders of magnitude greater than the shear modulus, the propagation of distortional waves is much slower than the propagation of dilatational waves (24) .
A second simulation was run with a free-boundary condition to allow for translational acceleration without rotational acceleration of the head (figure 4-D) to examine the response from nonrotational loading. The axonal strains were approximately zero in the same locations as the rotational simulation; however, low levels of axonal strains existed in other parts of the brain. The minimum and maximum axonal strains in the brain were still lower than most injury thresholds. A significant decrease was found in the deviatoric stress when no rotation was present. 
Discussion
Results from Simulations
The simulations show that fairly large pressures (100 kPa) will not produce large strains due to the high ratio of the bulk modulus to the shear modulus. A wide range of axonal injury thresholds exist in literature, ranging from 0.05 (28) to 0.21 (29) . Meaney and Bain (30) have shown an electrophysiological impairment at axonal strain levels of 0.28 (liberal), 0.13 (conservative), and 0.18 (optimal) in tension. As shown in figure 4 , the loading condition without head rotation did not create axonal strains beyond the conservative threshold for electrophysiological impairment.
The increased axonal strains towards the center of the brain could be caused by focusing of distortional waves towards the center, or because of the inhomogeneities of material properties in this region due to the close proximity of the brainstem, cerebellum, and cerebrospinal fluid. For the loading condition that allowed for rotational motion of the head, some locations of the brain exceeded this threshold and the maximum axonal strain found within the entire brain was almost twice the optimal threshold for electrophysiological impairment. In light of these findings, it may be important to examine the true strain-instead of the engineering strain-given the relatively large magnitudes of strains shown.
Zhang et al. (31) concluded that shear stress levels of 3.1-6.4 kPa in the thalamus could result in concussive injury and mild TBI. Our simulations have shown that the shear stresses are slightly below this threshold, although it is important to note that those conditions might have been reached if slightly higher shear properties were assigned to the brain tissue. Taylor and Ford (7) performed simulations of intracranial wave action over the first 2-ms after blast exposure, and found deviatoric stress levels close to 500 Pa, which is similar to the magnitude of deviatoric stress found in the simulation without rotation, although the deviatoric stress (7) appears within the first 2 ms of the simulation (7). This difference in the deviatoric response may be caused by differences in the material properties and the constitutive model used.
Blast wave injuries have historically been identified as (a) primary blast injury caused by the blast wave itself; (b) secondary injury caused by debris and fragmentation; (c) tertiary injury due to acceleration of the body by the blast wind and impacts into the ground or surrounding objects; and (d) flash burns or toxic gas inhalation resulting from the heat of the explosion (32) . This raises the important question-what type of blast injury classification encompasses head rotation induced by blast-loading? Rotational acceleration of the head involves the acceleration of the body in tertiary injury; however, it lacks the impact event right after the body is thrown. It could also be classified as a primary injury, but this could be an inappropriate classification if primary injury is strictly related to the increased dilatational response.
Future Work
Although the post-blast brain tissue displacement presented in this study is similar to blunt impact results, future simulations must be compared to rotational head displacements found in high-rate blast-loading experiments. Recent experiments have been able to capture linear acceleration to a porcine head during blast-loading, but the current technology for angular rate sensors appropriate for blast-rate loading are limited and unable to yield meaningful results (33) . In these simulations the dynamics of the head-neck system are important to the resulting biomechanical response and injury (11) . Therefore, once validated, simulations like this would need to be reanalyzed with typical head-borne protective systems that might alter the inertial response.
Although active muscles have an effect on the response of the cervical spine in frontal impact scenarios, the muscle activation is believed to initiate at 74 ms (34) , implying that it will not play a significant role in blast events, although this remains questionable without experimental validation. Also, cervical spine modeling has been extensively studied for automobile injury biomechanics, but extensive research has not been performed at higher rate loading regimes of blast events. The boundary condition of a fixed body below the neck is a rough approximation of the real articulation of the human body during a blast event. Future studies will examine the influence of translation and rotation of the human torso, which could also alter the amount of head rotation and strain within the brain.
The model used in this study contained ocular cavities in the facial bone, but lacked both openings on the sphenoid for the optic canals. This could potentially alter the soft-tissue pathway for pressure propagation into the brain in the frontal blast-load scenario presented in this study. It should also be noted that the model did not contain the sinus cavities, which would have also altered the pressure propagation into the brain.
The Lagrangian blast-loading model does not take account of any confinement or shadowing of intervening objects, nor does it account for possible changes in reflected pressure due to acceleration of the body. Therefore, a more accurate simulation, such as arbitrary LagrangianEulerian or a 2-way coupling to capture the fluid-structure interaction, will need to be done in order to more accurately capture the pressure loading to which the body ultimately responds. For this analysis, the Lagrangian Presto Blast Function was used for computational efficiency and to achieve longer simulation times.
Ultimately, we hope to link our physics-based simulations with predictive clinical outcomes that may arise from TBI, such as neurodegenerative diseases. For example, recent studies have shown that chronic traumatic encephalopathy (CTE), a tau protein-linked neurodegenerative disease that leads to progressive deterioration of psychological and physical functions (35) , is a major concern to military soldiers who experience a single or repetitive primary blast-loading to the head. Interestingly, head immobilization during blast exposure prevented CTE and functional deficits (36). Goldstein et al. (36) hypothesizes that the contribution of blast "wind" creates head accelerations that may be a primary factor leading to blast-related TBI and CTE.
Conclusions
This preliminary study suggests that injurious levels of strain can be generated in the brain tissue from blast-loading. Although the peak pressure or impulse from the blast wave could play a major contribution to TBI, these simulation results indicate that mechanical loading, such as shear stresses and axonal strain, could concurrently contribute to TBI from blast events.
A 3-D FEM of the human head with transversely isotropic properties derived from Diffusion Weighted Imagaing data was used in a simulation of a blast event. Axonal strains were calculated to predict the extent of DAI in the brain during a blast event. It was found that the maximum axonal strain and shear stress attained their peak values about 10-15 ms after the initial contact of the blast wave. The time evolution of axonal strain indicated that axonal injuries increased as a consequence of head rotation. 
